The VIIRS instrument on board the S-NPP spacecraft has successfully operated for more than four years since its launch in October, 2011. Many VIIRS environmental data records (EDR) have been continuously generated from its sensor data records (SDR) with improved quality, enabling a wide range of applications in support of users in both the operational and research communities. This paper provides a brief review of sensor on-orbit calibration methodologies for both the reflective solar bands (RSB) and the thermal emissive bands (TEB) and an overall assessment of their on-orbit radiometric performance using measurements from instrument on-board calibrators (OBC) as well as regularly scheduled lunar observations. It describes and illustrates changes made and to be made for calibratio n and data quality improvements. Throughout the mission, all of the OBC have continued to operate and function normally, allowing critical calibration parameters used in the data production systems to be derived and updated. The temperatures of the on-board blackbody (BB) and the cold focal plane assemblies are controlled with excellent stability. Despite large optical throughput degradation discovered shortly after launch in several near and shortwave infrared spectral bands and strong wavelength dependent solar diffuser degradation,
Introduction
The first Visible Infrared Imaging Radiometer Suite (VIIRS) sensor on board the Suomi National Polar Orbiting Partnership (S-NPP) satellite has been successfully operated for 4 years since its launch in October, 2011. Designed with a strong MODIS heritage, VIIRS has 22 spectral bands spanning visib le and infrared wavelengths from 0.4 µm to 12.5 µm. These bands are designed to support the generatio n of a number of environmental data records (EDR) that benefit users in the land, ocean, and atmospheric science disciplines [1] [2] [3] [4] [5] [6] . The VIIRS instrument is a cross-track scanning (whiskbroom) radiometer. It uses a rotating telescope assembly (RTA) to collect data continuously from the Earth view (EV) and the calibration views every 1.78 seconds. In combination with the RTA, a half-angle mirror (HAM) rotates at half the rate of the RTA to direct light into stationary optics and onto different focal plane assemblies (FPAs). The S-NPP satellite is operated in a near sun-synchronous polar orbit with a nominal altitude of 828 km and at an inclination angle of approximately 98 degrees relative to the equator (the equatorial crossing time is 1:30 PM) [7] . With an EV scan angle range of about ±56 degrees, the VIIRS sensor is capable of making continuous global observations twice daily. The VIIRS spectral bands and detectors are located on three FPAs, the visible and near-infrared (VIS/NIR), the short-and mid-wave infrared (S/MWIR), and the long-wave infrared (LWIR). The S/MWIR and LWIR FPAs are temperature controlled at 80 K.
The fourteen reflective solar bands (RSB) are calibrated by observing solar radiance reflected off a solar diffuser (SD) and by observing a dark reference through a Space View (SV) port. A solar diffuser stability monitor (SDSM) is used to track the SD on-orbit degradation. The RSB consist of three imaging bands (I1 -I3) and eleven moderate resolution bands (M1 -M11). Of these, six bands (M1 -M5, and M7) are optimized using dual gain electronics such that the high gain stage is used over low radiance scenes (e.g. oceans) while low gain is used over mid/high radiance scenes (e.g. land and clouds). VIIRS also has a reflective solar, panchromatic Day-Night Band (DNB) on a separate FPA, used not only for imagery, but also for science studies of nighttime scenes with high radiometric quality. The seven thermal emissive bands (TEB) are calibrated using an on-board blackbody (BB) and dark offset signals from the SV. The TEB consist of two imaging bands (I4 -I5) and five moderate resolution bands (M12 -M16). M13 is the only dual gain band in the TEB, designed for measurements of high scene temperatures needed for fire products. The imaging and moderate resolution bands have nominal nadir spatial resolutions of 375 and 750 m, respectively, and the ground swath is approximately 3040 km in the cross-track direction. Some of the key characteristics of VIIRS spectral bands are shown in Table 1 , including their wavelength ranges, focal plane location, typical and maximum scene spectral radiances or temperatures, and specified signal to noise ratios (SNR) or noise equivalent temperature differe nces (NEdT) at their corresponding typical radiances or temperatures. In this table, radiance and SNR are used for the RSB, while temperature and NEdT are used for the TEB. Listed in Table 2 are some of the key events for S-NPP VIIRS on-orbit operation and calibratio n. Prior to opening the nadir aperture door, a series of sensor and on-board calibrators (OBC) functio na l tests were conducted. The "first light" images on November 21, 2011 were produced by the spectral bands in the visible (VIS) and near infrared (NIR) spectral regions. Observations by S/MWIR and LWIR spectral bands were not scientifically useful before the cryo-cooler door was opened on January 18, 2012. It took about 2 days before the S/MWIR and LWIR FPAs reached their operational temperatures. Key calibration events performed during the sensor's initial intensive calibration and validation phase included routine SDSM and BB operations as well as special calibration maneuvers. Only the first event of each routine calibration activity is listed in 
LWIR
The VIIRS sensor data records (SDR) generated from its EV observations include calibrated and geolocated radiance, as well as the reflectance and brightness temperature for the RSB and TEB respectively [8] . Since launch, processing of the SDR products has been under continuous enhanceme nt either from the identification of and correction for mistakes in the operational processing algorithm, or due to better understanding of the sensor operations and generation of improved and consistent calibration look-up tables (LUTs) [9] [10] [11] . Currently, S-NPP VIIRS is normally operated with all product and intermediate product files being generated routinely and the LUTs updated on a regular basis in the operational processing system, leading to very stable and high quality instrument performance. The list of activities performed to generate VIIRS SDR includes: new RSB calibration coefficie nts (in LUT form) developed every week to generate the radiance and reflectance in the SDR products [12] ; the DNB detector offsets and gain ratios generated on a monthly basis [13] ; and the LUTs needed for the DNB stray light correction are updated every month in the operational processing [13] . Other activities are also routinely performed to monitor the instrument calibration and data quality, which include monthly lunar views to track the quality of the SD based calibration for the RSB [14] and vicarious calibration to track the quality of the SDR data using stable and well characterized Earth view targets [15] .
The SD on-orbit degradation continues to exhibit consistent wavelength dependence as reported previously [9, 16] , with more degradation towards the shorter wavelengths. The largest SD degradation is at 0.41 µm and is currently about 31 %. The large sensor responsivity degradation discovered shortly after S-NPP launch in some of the NIR and SWIR spectral bands is approaching its limit as predicted by the sensor degradation model [17, 18] . The TEB performance in terms of detector response and noise characteristics remains extremely stable as reported in previous studies [19] . The largest change in TEB spectral band response has been less than 1.3 % (I5) since launch. The telemetry trending of the VIIRS instrument has also exhibited the high stability of various instrument temperatures, showing wellcontrolled cold FPAs and BB, with temperature variations being less than 6 mK and 25 mK respectively. This paper provides the status of VIIRS instrument operations and calibration activities that are crucial to the SDR and EDR data quality. To some extent, this paper is an update to our previous study of VIIRS initial on-orbit calibration and performance [9] . In addition, it describes key changes that have been made in support of the SDR data processing system, including the offline processing and generatio n of calibration LUTs, to either enhance data quality or to mitigate issues affecting the sensor performance. Section 2 of this paper will provide a brief overview of VIIRS on-orbit calibration methodologies and activities, including the lunar calibration scheduling and implementation strategies. Section 3 will present the on-orbit calibration performance results based on OBC and telemetry data, including onorbit changes in spectral band responses and sensor characterization, as well as calibratio n improvements. A list of lessons learned and future work to mitigate concerns identified in the operational processing will be discussed in Section 4, followed by a conclusion and summary in Section 5.
On-orbit Calibration Methodologies and Activities
The VIIRS solar calibration system designed for the RSB consists of an on-board SD, a permanent solar attenuation screen (SAS), and an on-board SDSM. The SDSM is a ratioing device used to track on-orbit changes in the SD bidirectional reflectance distribution function (BRDF) via alternate measurements of direct sunlight through a fixed attenuation screen and the sunlight reflected off the SD panel. The DNB low gain stage is also calibrated by the SD/SDSM system. In addition to solar calibration, regularly scheduled lunar observations made through the instrument SV port are used to support RSB on-orbit calibration. For the TEB, an on-board V-grooved BB panel is used as the calibration target. Illustrated in Figure 1 are the VIIRS instrument scan cavity and the OBC, includ ing its extended SV port for lunar acquisitions and measurements of instrument background and offset reference. 
where c0, c1, and c2 are the instrument temperature dependent calibration coefficients derived from prelaunch characterization, RVSEV is the detector's response versus scan angle at the EV HAM angle of incidence (AOI), also derived from pre-launch measurements, and F is a calibration scaling factor derived from on-orbit measurements of the SD or BB, known as the F-factor [8] . Specifically, the F-factor is determined by comparing the known calibration source spectral radiance (LCS) with that retrieved by the sensor (LRET) using the pre-launch calibration coefficients,
where LRET = (c0 + c1·dnCS + c2·dnCS 2 )/RVSCS.
Similarly to Equation (1), the dnCS and RVSCS in Equation (3) are the detector response to the known calibration source and the RVS at the calibration source view HAM AOI, respectively.
Solar Calibration for the RSB
For the RSB, the on-board SD provides a known calibration source when it is fully illuminated by the Sun. In this case, the LRET is computed using Equation (3) with the subscript CS replaced by SD. The calibration source spectral radiance can be computed from the solar spectral irradiance at the spacecraft, ESUN(λ), and the SD BRDF(λ) using the following expression,
where τSAS is the SAS transmission function, θSD is the SD solar zenith angle, and λ is the wavelength. The ESUN and SD BRDF in Equation (4) are weighted by the detector's relative spectral response, RSR(λ). The RSB F-factor for each calibration event is the average of multiple scan-by-scan computations when the SD is fully illuminated by the sun, and is band, detector, and HAM side dependent [9] . The official RSR and ESUN functions used for VIIRS SDR calibration can be found at the NOAA website (https://cs.star.nesdis.noaa.gov/NCC/StandardizedCalibrationParameters). The SD BRDF is based on the pre-launch BRDF0 with corrections applied to account for its on-orbit degradation.
Algorithm details for using the SDSM to track the on-orbit SD degradation can be found in a number of references [16, 20, 21] . For VIIRS, an H-factor is used to represent the SD BRDF degradation. It is determined from the time series of ratios of the SDSM's SD view response (dcSD) to its Sun view response (dcSUN),
where τSUN is the transmission function for the SDSM Sun view screen. The SDSM has 8 detectors (D1 -D8) with their center wavelengths located at 0.41, 0.44, 0.49, 0.56, 0.67, 0.75, 0.86, and 0.93 µm, respectively. The H-factor is separately computed using measurements made by each SDSM detector.
Lunar Calibration for the RSB
The Moon is an extremely stable radiometric calibration target in the reflective solar spectral region [22] . Like MODIS, VIIRS lunar observations have been regularly scheduled and implemented in support of its RSB on-orbit calibration. Similar to the solar calibration, a lunar calibration F-factor (FMOON) for the RSB is derived using the following expression, FMOON = IMODEL/IRET (6) where IMODEL and IRET are the model predicted lunar irradiance, integrated over the entire lunar disk, and sensor retrieved lunar irradiance, respectively. Currently, the USGS Robotic Lunar Observatory (ROLO) lunar model is used as VIIRS lunar calibration reference. The ROLO model provides the predicted lunar irradiance values (IMODEL) that depend on lunar viewing parameters, such as the Sun-Earth and sensorMoon distances, the lunar phase angle, and lunar libration. The lunar irradiance retrieved by the sensor (IRET) is computed by integrating the radiances from individual detectors over the lunar disk using their pre-launch calibration coefficients. Details of VIIRS lunar calibration methodologies are found in a number of references [14, [23] [24] [25] [26] .
It should be noted that FMOON is determined for each spectral band and detector at the HAM AOI of 60.2 degrees, which is nearly identical to the SD HAM AOI. As a result, temporal changes in FMOON reflect on-orbit changes in spectral band or detector response (or gain) and can be independently used to validate, and correct if necessary, the temporal changes in the SD F-factor. FMOON is currently calculated using the "center-scans" approach by integrating the radiance of all detectors for each scan with complete lunar images captured by the FPA. In addition, detector dependent FMOON factors can be derived using the "all-scans" approach by integrating the radiance of all scans with lunar images for each detector [26] .
DNB Calibration
The VIIRS DNB is designed to make global observations during both day and nighttime with a large dynamic range implemented through three different gain stages: low gain stage (LGS), mid-gain stage (MGS), and high gain stage (HGS). Each gain stage is a separate CCD (HGS has two redundant CCD arrays, HGA and HGB). It has 32 aggregation modes, implemented to achieve a nearly constant footprint across the entire scan. The DNB calibration is performed separately for each gain stage and aggregat io n mode. The DNB on-orbit calibration requires three pieces of information: the dark offset, the LGS linear gain, and the gain ratios (MGS/LGS and HGS/MGS) [13] .
The DNB dark offsets were determined early in the mission using data collected during the spacecraft pitch maneuver. Their on-orbit changes are tracked using on-board BB data collected under the darkest conditions (nighttime over the Pacific Ocean during new moon). The DNB LGS calibration coefficie nts are determined from on-orbit SD observations when the SD is fully illuminated by sunlight, with the exception that the DNB radiance retrieved and used in the calibration is the spectral band integrated radiance (units: Wm -2 sr -1 ). The LGS calibration is transferred to the MGS and HGS via gain ratios determined from SD view data collected before and after the SD is fully illuminated.
BB Calibration for the TEB
The VIIRS TEB on-orbit calibration is performed with reference to the on-board BB. The calibratio n source spectral radiance (LCS) is modeled as the radiance difference between the BB and SV paths, or
where LBB, LRTA, and LHAM are the radiances of the BB, RTA, and HAM averaged over the spectral response of each band, RVSSV and RVSBB are the RVS at the SV and BB HAM AOI, respectively, and ρRTA is the reflectivity of the RTA mirrors. The TEB calibration source radiance is the sum of emitted radiance and reflected radiance (emission from thermal sources around the BB, reflected off the BB into the optical path). The emitted BB contribution is the dominant term, as the BB has an emissivity above 99.6 %. The other terms in Equation (7) account for the RTA and HAM emission that do not cancel in the path difference (due to differences in the RVS at the two view angles). Similar contributions from RTA and HAM emission must also be included in Equation (1) for the TEB EV radiance retrieval [9, 19] . Again, Equation (3) is used to determine the retrieved spectral radiance (LRET) for the BB view by replacing the subscript CS with BB. The TEB F-factors are then estimated by substituting Equations (3) and (7) into Equation (2) . This is performed every other scan for all TEB because of the two HAM sides, except for M13 high gain where the F-factors are calculated every fourth scan (M13 low gain F-factors are set to one, as the BB radiance is too low for accurate trending).
On-orbit Calibration Activities
The VIIRS instrument does not have an aperture door for the SD port except for the permanently fixed SAS placed in front of the SD panel. As a result, on-orbit SD calibration is performed for each orbit. The SDSM is used to track the SD on-orbit degradation and is operated via uploaded commands. As expected, the SDSM was operated more frequently early in the mission, initially every orbit and then daily (see Table 2 ). Starting from May 16, 2014, the SDSM has been operated only three times per week. Table 3 is a summary of lunar observations successfully scheduled and implemented for S-NPP VIIRS RSB calibration. It contains spacecraft roll angles and lunar phase angles. If the predicted roll angle is within ±1 degree, no spacecraft roll maneuver is needed. In order to capture lunar images for all spectral bands at the same time, a sector rotation is implemented such that the EV data sector is centered on the SV view angle. Most of the lunar phase angles are centered at -51 degrees, where the negative phase angle indicates a waxing Moon. Only a few lunar observations performed at the beginning of the mission have their phase angles centered at -55 degrees. The -55 degrees lunar phase angle was selected to match the Aqua MODIS lunar observations. The change from -55 degrees to -51 degrees was made in response to additional operational constraints on the S-NPP spacecraft and to optimize lunar observation opportunities. The lunar observations as well as SD/SDSM measurements are primarily used for RSB calibration.
The BB is nominally controlled at about 292.7 K and its warm-up and cool-down (WUCD) operation has been performed quarterly since launch (starting from February 2012) for a total of 15 times thus far. In order to minimize thermal effects during BB WUCD that have shown a small but undesirable impact on data quality, the frequency of WUCD is set to be reduced to semi-annually starting in 2017. During the WUCD, the BB temperature cycles through a series of discrete temperatures and varies between instrument ambient of approximately 267 K and 315 K. The WUCD operation is performed regularly to characterize and track changes in TEB detector offset and nonlinear response. It also allows TEB detector noise characterization to be examined over a range of source temperatures.
On-orbit changes in VIIRS DNB offsets are determined approximately monthly via a VIIRS recommended operating procedure (VROP). This procedure is implemented at new moon over dark oceans. Additional VROPs are performed monthly near the terminator to determine the gain ratios needed to transfer the LGS gain to the MGS and HGS. 
On-orbit Performance

RSB Performance
The H-factor is calculated using Equation (5) . In this equation, τSUN was determined from both the yaw maneuver data and a small portion of regular on-orbit data [27] . The τSAS*BRDF0 was derived from the yaw maneuver data. Corrected solar vectors were used in the screen transmittance determinatio ns and in the calculation of the H-factor. It should be noted that due to mishandling of the solar vector in different coordinate systems, an error in the solar vector occurred in the operation processing prior to November 22, 2014. The SDSM system on VIIRS has tracked the SD on-orbit degradation well. Estimated H-factor error on a per satellite orbit basis range from 0.0002 (D6) to 0.0007 (D1) (after removing a bias in the calculated τSAS*BRDF0, due to the angular dependence of the H-factor at the time of the yaw maneuvers, and using both the yaw maneuver and regular on-orbit data to calculate τSAS*BRDF0 [28] ). Figure 2 displays the per-orbit H-factors measured by the eight SDSM detectors over the lifetime of the mission normalized to their respective extrapolated values at satellite launch. The Hfactors are determined from data within a solar vertical angle range of ±1.0 degree in SDSM screen coordinates [9] . The bluest detector (D1) indicates that the SD has degraded by close to 31 % since launch, whereas the degradation is only slightly larger than 1 % at 926 nm (D8). There are a few undulations with magnitudes around 0.001 in the H-factor curves that are most likely due to unresolved features in the calculated transmission functions of the attenuation screens. The H-factors in the figure were calculated without considering SDSM detector RSR out-of-band (OOB) effects. The RSR OOB is spectral filter orientation dependent and the orientation is unknown for the S-NPP VIIRS SDSM. The impact on the H-factor due to the RSR OOB response is negligible for SDSM D5 to D8 [29] . Radiometr ic calibration through lunar observation has shown that the angular dependence of the H-factor and the OOB response effect on the H-factor almost cancel (about a 1 % residual effect remains at the central wavelength of M1; see Figure 3) . For the bands I2 and M7, the 1/F-factors have decreased about 37 % since launch. The root cause of this sudden decrease is the contamination of the RTA mirrors by tungsten oxides that become light absorbent when exposed to UV light [17, 18, 30, 31] . The optical throughput decrease due to this mirror contamination has slowed significantly since launch. Despite the RTA throughput degradation, the projected signal-to-noise ratio for each RSB will continue to meet the design requirements at the end of 7 years of operation. About 140 days after launch, the SWIR band 1/F-factors dipped out-of-trend. Right before the dip, the spacecraft was briefly in Sun Point mode (see Table 2 ), resulting in the spacecraft control computer reset likely due to over-heating. The root cause for the dip remains to be understood.
The RSB detector gains (1/F-factors) derived from VIIRS lunar calibration for the RSB are also plotted in Figure 3 as symbols. For comparison purposes, the lunar calibration results are normalized to their respective SD calibration gains on April 2, 2012; after this date, all subsequent scheduled VIIRS lunar observations have been conducted with a consistent system setup including a sector rotation and fixed high gain. There are seasonal oscillations in both the SD and lunar trending, although they are not directly related. For the lunar data, the oscillation is mainly caused by systematic effects within the ROLO model that are related to the uncompensated libration effect. Empirical fitting has been applied to the lunar F-factor to reduce the oscillation [24] . Overall, the normalized SD and lunar gains match very well in terms of their long-term trends, in line with expectations since they both reflect the detector gain change for nearly the same optical path and AOI. However, there are noticeable band-dependent temporal drifts between the two trends of up to 0.8 %. For bands M1 -M4, the gain changes derived from lunar calibration are larger than from SD calibration. For bands M8 and M9, the gain changes derived from lunar calibration are smaller than from the SD. The Moon is viewed by the instrument optics directly. Therefore, it is likely that the lunar trending better reflects the gain change than the SD calibration. The drift between the two trends reflects systematic uncertainty in the SD calibration, especially in the SD degradation monitored by the SDSM. Table 4 . VIIRS noise characterization results expressed using ratios between measured SNR (or NEdT) and specified SNR (or NEdT) for RSB (or TEB). The requirements are satisfied if the ratio is greater than one for the RSB and less than one for the TEB.
The on-orbit RSB SNR is estimated from partial views of the SD during a solar calibration event. The SNR at the spectral radiance level L [calculated from Equation (3)] is determined by dividing the average SD response by its standard deviation. A fit of the calculated SNR to the estimated radiance, SNR=L/√(k0 + k1·L) (8) determines the coefficients k0 and k1. From Equation (8), the SNR at the specified typical radiance is calculated. The SNRs at the typical radiance divided by their respective required SNRs are shown in Table 4 . The optical throughput degradation described earlier has caused the SNR of affected bands to decrease by approximately the square root of the radiance; otherwise, the RSB SNR trends have been generally stable.
TEB Performance
Overall, the VIIRS TEB calibration has been very stable since launch. VIIRS telemetry, TEB Ffactor, NEdT, and WUCD results have all been monitored over the mission life, as will be discussed below. Note that all TEB trends begin when the cold FPAs reached their operational temperatures (January 20, 2012 Key telemetry points that are used in the thermal model and for monitoring the health of the instrument (such as the cold FPA temperatures) were trended both over the short term and over the entire mission. Most telemetry parameters exhibit an orbital cycle in their temperature variations. In particular the BB temperature varies with the orbital cycle with an amplitude of about 25 mK (highest during daytime and lowest at night); Figure 4 (a) plots the average BB temperature over approximately two orbits. This behavior has been reported earlier in the mission [19, 32] , and has continued to the present. The orbital cycle of the six individual thermistors shows that thermistors 3 and 6 (the thermistors farthest from the EV port) are driving the average BB temperature variation; the likely cause of these variatio ns is heating of one side of the BB due to Earth illumination. Note that the BB is still operating within its design requirements in terms of both stability and uniformity. Figure 4(b) shows the variation in the S/MWIR FPA temperature; the variation within an orbit is under 6 mK. The long term trending of the principle telemetry is shown in Figures 5(a) -(d) . In Figure 5 (a), the average BB temperature is shown; the BB temperature has been stable to within ~25 mK for the entire mission, excluding WUCD events and instrument anomalies. The small discontinuities of 15 mK observed were due to the implementation of two slightly different BB settings (one uploaded after a WUCD event and the other after an instrument anomaly) [19] ; the operational processing has been updated to avoid this feature. After this update the BB has been stable to within ~10 mK. The other temperatures used in the thermal model were trended in Figure 5(b) . All temperatures show some slight yearly variation of less than 2 K; the local maximums correspond to the Earth at perihelion. The electronics and instrument temperatures showed in Figure 5 (c) exhibit a slight increase of about 1 K over a 4 year period. Figure 5(d) graphs the cold FPA temperatures. The LWIR FPA temperature has been very steady at 79.94 K since it reached its operational temperature; the S/MWIR FPA temperature (which is tied to the LWIR FPA temperature) has drifted upward over three years from ~79.83 K to ~79.85 K.
The TEB 1/F-factors were trended over on-orbit operations using two granules collected at the solar observation of every orbit. The band average results (HAM side A) are plotted in Figure 6 . The MWIR bands all showed a slight decrease in the beginning of the mission, but subsequently leveled off (a recent discontinuity in band I4 was observed to cause an additional slight decrease). Band I5 has shown a steady decrease of its 1/F-factor over time, and has now changed by ~1.3 % since the spacecraft anomaly (see Table 2 ). The other LWIR bands have shown little long term trend, but they do show a slight annual cycle (including band I5); the days when Earth is at perihelion are visible as local minimums. These annual cycles in the 1/F-factor are related to the annual cycles in the temperatures used in the sensor thermal calibration model; however, since these temperatures are highly correlated, it is difficult to attribute the cycle to any of them. There were some discontinuities in the early mission due to instrume nt and spacecraft anomalies (see Table 2 ), which resulted in the cold FPA temperature spiking. Short term trending was also performed, and small orbital variations were observed on the order of ~0.1 % or less using a granule average; these variations are partially the result of the orbital variation in the BB temperature [19, 32] .
The trending for the NEdT at the BB operational temperature of ~292 K has been very stable over the entire mission; the I bands have shown NEdT between 0.14 K and 0.18 K while the M bands have shown NEdT between 0.03 K and 0.06 K. Detector 2 in band I5, detector 16 in band M12, and detector 9 in band M16A are higher than other detectors in their respective bands, and have been consistently over the entire mission.
The offset and nonlinear coefficients derived during each WUCD have generally been stable over the fifteen WUCDs so far; moreover, they are consistent with the LUTs values (derived during prelaunch testing) currently used by the SDR algorithm. There is some difference between the WU and CD results, where the WU generally provides larger offsets and nonlinear terms. The WUCD is also used to check the NEdT at the specified typical temperature (see Table 4 ) and assess the response nonlinearity; both have been very stable since the mission began and are well within the sensor design specifications.
DNB Performance
The DNB LGS gains derived from SD observations have been trended over the mission. The daily average of the LGS gain for detector 8, aggregation mode 5 has steadily increased by approximately 11 % since launch, as shown in Figure 7 (a). All detectors show a similar trend for all aggregation modes. The MGS/LGS and HGA/MGS gain ratios, derived via the method described in section 2.3, are shown in Figures 7(b) and 7(c) respectively for the same detector and aggregation mode. The MGS/LGS ratio trend is stable with small seasonal variations throughout the mission, indicating that the MGS gain has increased by about the same amount as the LGS gain. Overall, the HGA/MGS ratio has more fluctuatio ns in addition to seasonal variation; over the entire mission, this ratio decreases about 2 % on average. The behavior of the gain ratios for other detectors and aggregation modes is similar.
The on-orbit DNB detector SNRs are computed by using BB and SV data at 32 different aggregat io n modes during the nighttime orbits. An example of the SNR trending is graphed in Figure 7(d) . The results from daily trending show that the SNR performance of all the aggregation modes is better than the design specification. 
Changes and Improvements (made since launch for online and offline processing)
An improvement on the calculated SDSM screen transmission function has been made. Both the yaw maneuver and a small portion (~ 3 months) of regular on-orbit data were used to determine the screen transmission function at a finer scale in both the vertical and horizontal solar angles. Figure 8 shows the SDSM screen transmission functions derived from the prelaunch data (left plot), the yaw maneuver data (middle plot) [33] , and the combination of yaw maneuver and regular on-orbit data (right plot). The effects of the transmission functions on the calculated H-factors are shown in Figure 9 . The yearly undulations in the figure are from the solar vector issue mentioned in Section 3.1. Figure 8 . Plots of the relative transmittance of the SDSM screen for D8 using prelaunch data (left), yaw maneuver data (middle), and yaw maneuver and a small portion of regular onorbit data (right).
Figure 9.
The difference in the H-factors using the SDSM screen transmission functions for the odd numbered detectors derived from prelaunch data (a) and from the yaw maneuver data only (b) relative to the H-factor using the SDSM screen transmission functions derived from both yaw maneuver and regular on-orbit data.
In early 2014, with the assistance of the Aerospace Corporation, NASA S-NPP VIIRS geo-calibrat io n group found that there was an error in the solar vectors due to a mishandling of the coordinate systems. The uncorrected solar vectors resulted in as much as a 0.2 degree error in the solar angle and thus an Hfactor error of as large as 0.005 [34] . Since then, corrected solar vectors have been produced and used for the screen transmission function determinations and the computations of the F-and H-factors.
Since launch, the RTA has experienced optical throughout degradation. The degradation is wavelength dependent and therefore results in modulation of the RSB detector RSRs. The modeled RTA degradation was used to compute the modulated RSRs that are used in the calculation of the F-factors [see Equation (4)]. Figures 10(a) and (b) show the prelaunch RSR and the modulated RSR at 3.7 years after launch for band M1 and the DNB, respectively. Stray light contamination of DNB has been observed in nighttime images near the transitions to and from daytime [13] . Figure 11 displays two DNB nighttime image pairs, which are three years apart from 2012 and 2015, over the eastern U.S. Each pair shows the images before (left plot) and after (right plot) the stray light correction. The same algorithm used to compute the amount of stray light was used to derive the monthly correction LUTs; this has demonstrated the effectiveness of the time dependent correction applied to SDR product. In the lower right plot in Figure 11 , there is still a small amount of under corrected stray light in the twilight region which is near the minimum of the detectable light by the DNB. This is the area for future improvement. The first on-orbit emissive band calibration BB WUCD was performed on February 6, 2012, which lasted for more than 4 days as shown in the BB temperature profile in Figure 12(a) . During the WU period, two of the BB temperature set points, 297.5 K and 312.5 K, were maintained for about 16 hours each, much longer than necessary for the TEB calibration. After the first WUCD was completed, the BB WU cycle procedure was reviewed by the SDR team, which recommended that the duration of those two temperature plateaus be shortened. The second WUCD took 3 days to complete, as shown in Figure  12 (b). To track the on-orbit change in the TEB detector offset and non-linear coefficients, the calibratio n analysis is performed separately on the WU and CD parts of the WUCD. After further review of the procedure, an updated WU cycle was introduced for the third WUCD, as shown in Figure 12 (c), which further reduced the duration by another day. This new procedure only takes two days to complete the WUCD by removing a redundant part of the CD process while keeping all the temperature set points. This new procedure has been adopted and has been used for the WUCD since September 2012.
In addition to OBC and lunar observations, a number of pseudo-invariant calibration sites and a series of simultaneous nadir overpasses (SNO) have been used as part of the effort to assess the VIIRS RSB on-orbit performance. Extensive calibration and validation efforts using either similar or differe nt approaches have also been made by other calibration groups and the user community. Results from using the Libya-4 desert and deep convective clouds (DCC) show that the RSB temporal stability is within ±0.6 % per year based on the desert and DCC pixels collected during the first two years of the missio n [35, 36] . Results from inter-comparison with Aqua MODIS based on SNOs and two invariant targets (the Libya-4 desert and Dome C) indicate that the VIIRS VIS/NIR spectral bands calibration has been stable to within 1 % over the first three years of the mission [37] [38] [39] . These studies show that after correcting for the spectral response differences, the absolute calibration differences between VIIRS and MODIS are within 2 %, with the exception of the 0.865 µm band (M7), where they differ by more than 3 %.
The VIIRS TEB performance has also been under evaluation using on-orbit comparisons between VIIRS and the Cross-track Infrared Sounder (CrIS) instrument on S-NPP, as well as between VIIRS and the Infrared Atmospheric Sounding Interferometer (IASI) on MetOp-A. The VIIRS-IASI and VIIRSCrIS findings closely agree for the spectrally matched TEB for warm scenes, but small offsets exist at cold scenes [40] . The calibration stability of VIIRS TEB was evaluated by reference to stable ground based temperature measurements at the Dome C site [41] . No significant evidence of any temporal drift was observed due to the fact that there is a large variability in the temperature difference trends and it is expected that at least 10 years of cumulative data sets are required in order to detect any calibratio n trends. The calibration differences between VIIRS and Aqua MODIS spectrally matched TEB were also assessed by comparing the brightness temperatures retrieved from their SNO [42] . The S-NPP CrIS data taken simultaneously with the VIIRS data is used to derive a correction for the slightly different spectral coverage of VIIRS and MODIS TEB. After the spectral correction, the agreement is well within 0.10 K over a scene temperature range of 220 K to 290 K.
Lessons Learned and Future Improvements
For the RSB on-orbit calibration, the calculated F-factor should use the H-factor derived from the RTA SD view, or H(RTA). Determining H(RTA) from the H-factor derived from the SDSM SD view, or H(SDSM), by comparing the F-factors from the SD and lunar observations shows that H(RTA) differs from H(SDSM) at the band M1 central wavelength by about 5 % at present, with H(SDSM) computed with an SDSM detector RSR averaged over the four possible filter orientations [43] . A mathematic a l formula was developed to relate H(RTA) to H(SDSM). Due to the angular dependence of the H-factor [44] and to avoid biasing the calculated H-and F-factors, the H-and the F-factors should be calculated with a fixed angle between the incident solar radiative energy and the SD surface. The bias in the computed τSAS*BRDF0 for both the RTA and SDSM views due to the angular dependence of the Hfactor should be removed [44] . Additionally, to improve the precision of the computed τSAS*BRDF0 for both the RTA and SDSM views, both yaw maneuver and regular on-orbit data should be used. The SD degradation at wavelengths above 1.0 µm is very small, so in this work H-factor was set to 1.0 for the SWIR bands [45] . However, recent analysis indicates that at present, the H-factor is about 0.996 at 1.26 µm (equivalent to band M8) [21] .
The uncertainty in the lunar calibration is likely introduced by the lunar irradiance model itself. Therefore, further improvement of lunar calibration results depends greatly on the improvement of the model. The lunar gain coefficients can also be calculated for each detector and HAM side, allowing an independent validation of the detector difference and HAM side difference of the gain coefficie nts characterized by the SD calibration. In addition to the scheduled lunar calibrations discussed above, VIIRS can view the Moon through its SV port occasionally at various lunar phase angles without a roll maneuver or sector rotation. The lunar images captured during these unscheduled observations can be used to track the detector gain change and help to investigate how the uncertainty of the lunar model changes with lunar phase angle and libration angle.
For TEB on-orbit calibration, the sea surface temperature (SST) EDR shows a bias during the WUCD cycles. When the BB temperature is away from its nominal temperature, the SST results show an upward trend (particularly when the BB temperature is lower than its nominal temperature). One approach to resolve this is to use a parametric model to determine if any biases exist using prelaunch data; prelaunch data had shown some BB temperature dependent differences between the temperature retrievals and the known external blackbody temperature. In addition, overlapping orbits have shown a slight mismatch in temperature retrievals at the beginning and end of scan. One possible cause is RVS error; for the LWIR bands, the RVS changes by between 3 % and 10 % from beginning to end of scan. Reanalysis of prelaunch data as well as pitch maneuver data may shed some light on this phenomenon.
For DNB on-orbit calibration, the current SDR stray light correction LUT consists of a large table to cover offsets in both solar zenith angle and scan angle. The correction algorithm is being revised in order to reduce the size of the stray light correction LUT. Another possible future improvement is prediction of the stray light correction. The current method for SDR forward process is to reuse the correction LUT from the same month of the previous year. The Earth-Sun-spacecraft relative geometry roughly repeats at an annual cycle, and so does the stray light pattern. However, there are other factors that impact the amount of stray light entering the VIIRS instrument that differ from year to year. Future work to improve the algorithm and accuracy of the stray light prediction are being investigated.
Summary
This paper has presented the status of S-NPP VIIRS on-orbit radiometric performance. All of the OBC have been consistently providing high quality calibration data needed to maintain SDR calibratio n for both RSB and TEB. Improved understanding and processing of the SD and SDSM data have led to better characterization of the screen transmissions and their uncertainties, and hence better calibratio n of the RSB SDR products. Analyses of the SD/SDSM derived F-factors have shown that the wavelength dependent optics degradation due to RTA mirror contamination has been gradually slowing down, which is consistent with the modeling results. As expected, the SD degradation is larger at shorter wavelengths and the rate of degradation has gradually decreased. The TEB calibration performance continues to be extremely stable over the mission and a minor feature observed in the SST trending (occurring only during BB WUCD) is being addressed by the SDR team. A series of planned on-orbit operations have been successfully executed to monitor and enhance the sensor performance and characterizatio n, including the monthly spacecraft roll maneuvers to view the Moon for verification of the SD/SDSM based calibration for the RSB, and the WUCD events to characterize and calibrate the TEB. Results from ground-based vicarious calibration and validation as well as inter-comparison with other sensors have shown good performance for the VIIRS RSB and TEB in general. Currently, there are further enhancements that the SDR team is working on that will either reinforce the quality of the current calibration, or correct some of the features seen in the calibration trending. These calibratio n enhancements are expected to be part of the future reprocessing effort, and should lead to significa ntly better SDR quality needed by the science and climate research communities
